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L  INTRODUCTION 


This  work  explored  a  variety  of  novel  designs  and  concepts  in  the  generation  of 
tunable  coherent  radiation  in  the  3-um  to  5-um  region  of  the  electromagnetic  spectra. 
This  research  was  a  direct  result  of  earlier  work  which  led  to  the  first  successful 
invention  of  an  optically  pumped  semiconductor  laser  in  external  cavities.  Processes  that 
were  studied  include  the  following: 

Construction  of  an  optically  pumped  tunable  ring  semiconductor  PbSj  ^Sex 

platelet  laser  operating  in  the  3-y.m  to  5 -vim  region  of  the  electromagnetic 
spectra. 

2.  Study  of  a  CW  and  pulsed  operations  of  the  cavity  under  a  variety  of  pumping 
configurations  and  sources. 

3.  Study  of  complete  tunability  in  the  3-pm  to  5-um  range  utilizing  graded 
bandgap  crystal  arrays. 

4.  Exploration  of  room  temperature  operation,  utilizing  superlattice  structure. 

5.  Study  of  the  overall  system  efficiency  as  a  function  of  the  cavity  design, 
operating  wavelength,  mode  discipline,  method  of  pumping  and  the  gain  medium. 

Some  potential  applications  of  the  recently  completed  work  include  infrared 
communications,  spectroscopy,  and  the  testing  of  infrared  optical  fibers. 

1.  OPTICAL  PUMPING  IN  SEMICONDUCTORS  INVOLVING  EXTERNAL  CAVITIES 

Optical  pumping  of  semiconductors  has  the  advantage  over  diode  and  dye  lasers  in 

that  virtually  any  direct  bandgap  semiconductor  can  be  used,  thereby  increasing  the 

available  spectral  range.  Recently  mode -locked  laser  action  in  external  cavity  of 

synchronously  pumped  semiconductor  materials  like  CdS,  CdSe,  inGaAsP,  and  HgCdTe 

has  been  demonstrated  in  the  wavelength  range  0.49  to  2  ^  Mode-locked 

lasing  of  thick  GaAs  bulk  crystals  has  also  been  observed  using  a  two-photon  synchronous 
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pumping  configuration.  J  These  lasers  have  advantages  over  dye  lasers  because  of  the 
lack  of  dye  instability  in  the  infrared  and  in  addition  no  jet  fluctuations  are  present, 
eliminating  a  very  strong  source  of  noise,  and  they  can  be  operated  completely  in 
vacuum.  Furthermore,  the  spontaneous  spectrum  is  narrower  than  those  of  dyes,  allowing 
a  stabilized  single -frequency  laser  to  operate  with  fewer  wavelength  selective  elements, 
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while  tuning  can  be  done  by  varying  the  temperature.  However,  the  wavelength  range 
spanning  from  0.49  to  2  um  is  not  yet  covered  completely  by  mode-locked  semiconductor 
lasers  due  to  the  lack  of  available  high  quality  semiconductor  materials  in  platelet  form 
of  any  desired  composition. 

We  report  here  the  development  of  a  cw  mode -locked  PbSj  xSe  semiconductor 
platelet  laser  whose  output  frequency  and  power  characteristics  provide  an  attractive 
tunable  source  in  the  near  infrared.  The  laser  reported  here  has  the  advantage  of  high 
beam  quality  and  high  output  powers  compared  with  other  semiconductor  lasers  operating 
in  the  visible  spectral  range. 


a.  Optically  Pumped  Tunable  Ring  Semiconductor  PbS  Se  Platelet  Laser 
Operating  in  the  3um  to  5um  Region  of  the  Electromagnetic  Spectra 
(1)  Design  Consideration  for  the  Master  Oscillator- -The  successful 
demonstration  of  the  optically  pumped  semiconductor  laser  in  external  ring  cavity  has 
created  a  great  enthusiasm  in  the  laser  community.  These  lasers  combine  the  advantage 
of  an  increased  spectral  range  over  dye  lasers  with  the  possibility  of  intracavity  tuning 
elements  not  available  in  diode  lasers.  Ring  dye  lasers  have  resulted  in  increased 
single -frequency  output  power^  and  for  research,  an  optically  pumped  semiconductor 
laser  in  a  ring  cavity  configuration  as  a  master  oscillator  was  constructed. 

The  active  medium  utilized  was  a  platelet  (~  30  um  thick)  of  PbSj  xSex 
mounted  onto  a  piece  of  optical  quality  sapphire  (Figure  1).  The  sapphire  has  its  axes 
parallel  to  the  axes  of  the  platelet  to  prevent  depolarization  of  the  laser  beam.  The 
sapphire  was  mounted  on  a  copper  frame  attached  to  a  liquid-nitrogen  chamber  to 
maintain  a  sample  temperature  of  85K.  The  Nd:YAG  laser  pump  beam  at  1.06um  is 
focused  to  a  spot  size  of  ~  5  um  through  the  window  of  the  dewar  using  a  10X 
microscope  objective  which  also  serves  to  collimate  the  crystal  fluorescence.  The  same 
type  of  microscope  objective  was  used  at  the  backside  of  the  dewar  to  collimate  the  rear 
fluorescence.  The  windows  of  the  dewar,  as  well  as  the  backside  of  the  sapphire,  were 
(single-layer)  anti -reflection  (AR)  coated.  Mirrors  M^,  M^,  and  M^  were  flat  and  highly 
reflective,  while  the  flat  mirrors  used  as  output  mirror  M^  had  transmissions  between  0.5 
percent  and  50  percent.  A  polarizing  beamsplitter  distinguished  between  the  vertically 
polarized  Nd:YAG  pump  light  at  1.06um  and  the  horizontally  polarized  output  of  the 
semiconductor  laser.  Tunability  was  accomplished  by  replacing  mirror  M2  with  a  prism 
and  rotating  either  the  prism  or  one  of  the  mirrors. 
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(2)  Tunability--A  line  width  as  small  as  0.015  nm  without  any  linewidth 
narrowing  elements  was  observed  and  was  reduced  to  0.006  nm  by  introducing  a  prism  into 
the  cavity.  The  full  tuning  range  with  this  prism  is  2.5  nm.  Additional  tuning  can  be 
achieved  by  changing  the  crystal  temperature  from  85k  to  140k  and  resulting  in  a  change 
of  the  wavelength  at  the  rate  of  (0.14  nm/k). 
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Figure  1.  Semiconductor  Ring  Laser 

CW  powers  of  up  to  30  mW  in  each  of  the  two  output  beams  can  be 

obtained  by  using  an  output  coupler  with  8  percent  transmittance.  Using  an  output 

coupler  with  30  percent  transmittance,  a  maximum  power  of  20  mW  per  beam  is  measured 

with  a  slope  efficiency  of  15  percent  and  a  power  conversion  efficiency  of  10  percent  in 

the  TEMqo  mode.  Lasing  was  also  accomplished  using  an  output  coupler  with 

transmittance  as  low  as  50  percent.  Coupling  back  one  of  the  output  beams  with  a 

retroflecting  mirror  results  in  an  output  power  of  more  than  50  mW  in  a  single  beam. 

However,  in  contrast  to  dye  ring  lasers,  there  was  no  significant  increase  in  the  ratio  of 
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the  powers  in  the  two  directions.  ' 
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(3)  Optical  Diode --In  earlier  work  with  CdS,  an  attempt  was  made  to 


f3  4] 

operate  the  ring  laser  unidirectionally.  An  optical  diode  ’  consisting  of  a  Faraday 


rotator  and  a  crystalline  quartz  half-wave  plate  was  built  for  this  purpose.  The  optical 
diode  provides  a  33°  polarization  rotation  and  a  differential  loss  of  ~  0.30.  To  ensure 
that  after  rotation  the  vertically  polarized  component  of  the  beam  is  ejected  from  the 
cavity,  polarizing  beamsplitters  were  placed  inside  the  cavity  (Figure  2). 
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Figure  2.  Semiconductor  Ring  Laser  with  Optical  Diode 


A  unique  feature  of  the  semiconductor  laser  lies  in  the  Fabry -Perot 
etalon  formed  by  the  faces  of  the  crystal  providing  an  optical  diode  by  itself.  This  effect 
is  produced  by  the  unequal  reflectivities  of  the  two  faces,  combined  with  gain  in  the 
medium  in  between.  The  reflectivities  (0.21  and  0.06)  are  unequal  because  of  the 
asymmetrical  mounting  of  the  platelet.  The  differential  reflection  loss  of  the 
Fabry-Perot  can  be  as  high  as  0.50  at  net  gain  in  the  platelet  of  1.8  with  virtually  no 
reflection  for  the  counterclockwise  (ccw)  propagating  beam. 

We  have  found  that  the  optical  diode  formed  by  the  Fabry-Perot  (FP)  of 


the  platelet  is  stronger  than  the  optical  diode  formed  by  the  Faraday  rotator  (FR)  and 
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half-wave  plate.  A  ratio  between  ccw  and  clockwise  (cw)  beam  intensities  as  high  as  5 
are  observed  when  both  optical  diodes  are  set  to  favor  the  ccw  beam.  The  ratio  is 


decreased  to  2  when  the  preferred  direction  of  the  FP  diode  is  reversed.  Under  all 


circumstances  the  lasing  threshold  for  CW  and  ccw  beams  is  exactly  the  same,  as  is  the 
wavelength. 


A  single-layer  AR  coating  on  the  vacuum  side  of  the  PbS^  xSex  platelet 
should  greatly  attenuate  the  FP  diode  effect.  In  this  case,  the  direction  of  the  strongest 
beam  should  follow  the  FR  diode  with  a  ratio  of  about  1.5. 

That  the  strongest  beam  never  takes  over  completely,  even  though  gain 
competition  takes  place  in  the  gain  medium,  can  be  explained  by  the  theory  of  two 
coupled  oscillators.^  This  predicts  an  increase  in  coupling  if  suppression  of  one  of  the 
beams  is  attempted. 

(4)  Beam  Quality --Outside  the  beam  waists,  which  are  located  at  the  platelet 
and  between  Mj  and  M^,  reflection  from  flat  surfaces  will  be  divergent.  Also,  since  all 
components  are  AR  coated  and  slightly  tilted,  coupling  through  reflection  other  than  from 
the  platelet  is  not  likely  to  occur.  Therefore,  the  cavity  is  tilted  up  to  12°  in  an  attempt 
to  eliminate  the  coupling.  To  make  this  possible,  doublets  were  used  instead  of 
microscope  objectives  with  little  change  in  performance.  When  the  dewar  is  tilted, 
however,  the  beams  should  still  go  perpendicular  to  thr  platelets,  thereby  going  off-axis 
through  the  doublets.  Forcing  the  beam  to  the  center  by  means  of  an  iris  increases  the 
lasing  threshold  for  both  beams  beyond  damage  threshold  before  coupling  is  eliminated. 

In  order  to  check  that  no  nonlinear  effect  was  involved  in  the  reflection,  a 
pump-probe  experiment  using  a  second  pump  laser  as  probe  was  performed.  No  evidence 
of  enhanced  or  nonperpendicular  reflection  when  pumping  the  platelet  was  found.  This 
excludes  a  possible  explanation  for  the  coupling  between  the  two  beams  by  degenerate 
four-wave  mixing  involving  two  transverse  beams  in  the  plane  of  the  platelet.^ 

(5)  Comparison  with  Color -Center  Lasers- -The  most  singular  feature  of  the 
semiconductor  lasers  being  discussed  is  that  we  are  not  dealing  with  gain  centers  (atoms, 
ions,  molecules,  complexes)  sparsely  distributed  in  a  passive  medium  or  empty  space,  but 
rather  with  the  problem  of  inverting  the  atoms  in  an  entire  block  of  solid,  unlike  any  other 
kind  of  laser.  In  case  of  color  center  lasers,  the  emission  IR  (1  nm  to  4  um)  occurs 
between  defect  states  in  an  ionic  crystal.  This  restricts  operation  to  low  temperatures 
because  of  thermalization  of  the  defects;  in  fact,  the  crystal  must  often  be  liquid  nitrogen 
cooled  at  all  times  to  avoid  center  reorientation.  In  addition,  orientational  bleaching 
reduces  crystal  effectiveness,  and  crystals  are  difficult  to  produce.  Although  F^+  centers 
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with  long  room  temperature  shelf  lives  are  now  being  developed,  these  lasers  still  pose 
considerable  practical  difficulties. 

Semiconductor  lasers  provide  the  potential  for  the  generation  of 
repetitive  pulses  tunable  over  a  very  wide  range.  The  proposed  lasers  presented  here 
operate  continuously,  which  can  be  a  considerable  advantage  in  many  applications. 
Semiconductors  have  practical  advantages  over  F-center  lasers  in  terms  of  availability 
and  shelf  life.  In  unmode-locked  operation,  very  narrow  iinewidth  operation  may  be 
possible,  perhaps  narrower  than  dye  lasers.  Optically  pumped  PbSj  ^Se^  semiconductors 
should  provide  a  useful  source  for  a  variety  of  applications  in  both  the  time  and  frequency 
domains. 
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n.  DESIGN  DETAILS 

I.  CRYSTAL  GAIN  MEDIA 

The  PbSj  x^ex  laser  samples  were  grown  in  laboratories  using  the  Bridgeman 
technique  with  nominal  compositions  of  X  =  0,  0.2,  0.4,  0.6,  0.8,  and  1.0  are  available. 
Wafers  with  {1  0  0}  surfaces  were  mechanically  and  then  chemically  polished  to  a 
thickness  of  about  30u  and  subsequently  cleaved  along  {1  0  0}  planes  to  obtain  a  proper 
cavity.  For  each  alloy  composition  lasers  were  prepared  for  both  n-  and  P-type  crystals 
(free  carrier  concentration  between  2  x  10^  and  6  x  10^  cm  ^).  In  experiments  involving 
other  II-VI  compounds,  no  systematic  dependence  of  the  spontaneous  or  stimulated  output 
on  the  conductivity  or  carrier  concentration  was  found.  Since  these  crystals  almost 
blanket  the  wavelength  region  from  3  um  to  5  unn,  it  is  clear  that  only  a  small  number 
of  properly  selected  compositions  would  be  needed  to  completely  cover  this  region. 

a.  Graded  Bandgap  Structures- -A  new  technique  which  allows  a  large  range  in 
wavelength  tunability  of  the  resonator  output  was  explored.  This  can  be  achieved  in 
principle  by  forming  an  array  of  crystals  with  different  bandgaps  next  to  each  other  or  by 
growing  a  crystal  or  set  of  crystals  that  have  a  graded  bandgap  from  one  side  of  the 
crystal  to  another.  This  should  allow  a  much  larger  range  in  wavelength  tunability  than 
can  be  achieved  by  a  semiconductor  with  a  single  uniform  bandgap.  As  a  result,  a  much 
larger  range  of  output  wavelengths  can  be  covered. 

Because  these  platelet  lasers  have  a  very  long  shelf  life  and  do  not  suffer  from 
photochemical  damage,  the  active  medium  will  last  much  longer  than  dye  or  F-center 
lasers.  In  addition,  the  technique  is  compatible  with  automated  wavelength  scanning. 
While  during  the  course  of  this  research,  no  crystal  with  graded  bandgap  structure  was 
grown,  we  have  nevertheless,  examined  the  concept  of  such  a  structure  and  its  use  in  our 
cavity.  Figure  3  shows  the  proposed  concept.  Mj  and  M2  are  mirrors  of  the  laser  cavity, 
Lj  and  L2  are  lensed  to  collimate  the  fluorescence  from  the  pump  radiation.  The  sample, 
S,  is  pumped  through  lenses  L^  and  L^  by  a  pump  beam.  The  sample,  S  ^ ,  is  mounted  on  a 
heat  sink,  HS,  and  housed  in  a  closed  chamber  indicated  by  C.  The  sample  may  be  formed 
by  a  stacked  array  of  crystals  with  varying  bandgap(s)  as  shown  in  Figure  4.  For  a 
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set  of  n  crystals,  each  having  a  different  bandgap,  the  crystal  may  be  mounted 
bandgap  semi -continuously  varies  from  the  top  to  the  bottom  of  the  stack. 


Top  View 


Pump  Beam 


Side  View 
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As  an  example,  if  the  samples  are  Sj  through  Sj  j  then  for  a  PbS  j  _x5ex  crystal: 


'l 

= 

PbS 

'2 

= 

PbSo.9Seo.r 

'3 

= 

PbSD.8Se0.2’ 

'4 

- 

PbS0.7Se0.3’ 

'3 

- 

PbS0.6Se0.4’ 

'6 

- 

PbS0.5Se0.5’ 

*7 

= 

PbS0.4Se0.6> 

'8 
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PbS0.3Se0.7’ 

'9 

= 

PbS0.2Se0.8’ 

'10 

= 

PbS0.1Se0.9’ 

’ll 

= 

PbSe. 
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It  seems  feasible  to  grow  a  single  crystal  such  that  the  bandgap  continuously 
varies  from  one  side  of  the  crystal  to  the  other.  Figure  5  exhibits  a  situation  where  at 
point  A  the  crystal  has  a  bandgap  of  EA  and  at  point  B  the  crystal  has  a  band  gap  of  Eg; 
this  can  be  continuously  varied  during  the  growth  process.  Examples  include  ternary 
compounds  such  as  PbS^Sej  If  x  is  continuously  varied  during  the  growth  process,  then 
the  bandgap  will  change  from  one  side  of  the  crystal  to  the  other.  Since  the  bandgap  of 
these  crystals  ranges  from  approximately  4  eV  to  0.1  eV,  a  very  large  tuning  range  in 
wavelength  is  possible,  i.e.,  0.3  um  to  10  u^.  utilizing  a  Nd:YAG  laser  as  a  pump 
source. 

Figure  6  shows  a  longitudinally  pumped  configuration  involving  stacked  array  or 
graded  bandgap  crystals.  In  this  configuration  the  coarse  tuning  is  achieved  by  the 
mechanical  movement  of  the  sample  holder.  Thus  the  sample  itself  is  moved  up  and  down 
to  shift  from  one  bandgap  region  to  another,  and  brings  itself  into  focus  with  the  Nd:YAG 
pump  laser. 


Figure  5.  Continuously  Varied  Bandgap 
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Figure  6.  Longitudinally  Pumped  Variation 


If  fine  tuning  of  the  laser  output  is  desired,  then  a  prism  or  other  frequency 
selective  elements  such  as  grating  or  Lyot  filters  may  be  used  as  illustrated  in  Figure  7. 
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2.  CW  AND  PULSED  OPERATION  OF  THE  PbS.  Se  LASER  UNDER  A  VARIETY  OF 

l-X  X 

PUMPING  CONFIGURATIONS  AND  SOURCES 

a.  CW  and  Pulsed  Output  Characteristic --The  samples  in  the  ring  resonator  were 
pumped  by  a  Nd:YAG  laser  (Quantronix  model  416)  at  1.06  um  which  was  already 
operating  in  the  laboratory.  The  samples  were  excited  with  either  a  CW,  mode- locked,  or 
Q-switched  Nd:YAG  laser  operating  at  1.06  um.  The  TEMqq  output  of  the  pump  was 
focused  into  the  sample  and  the  output  of  the  resonator  (laser  emission)  was  monitored  by 
a  grating  spectrometer  and  detected  by  a  Ge:Cu  photo  conductor. 

b.  CW  Operation --The  NdrYAG  laser,  at  1.064  um,  operating  continuous  wave  in 

the  TEMqo  mode  (Quantronix  model  416  in  the  laboratory)  delivering  up  to  20  watts,  was 

utilized  as  a  pump  source.  The  spontaneous  emission  spectra  with  and  without  the 

external  cavity  was  examined.  An  increase  in  power  by  a  factor  of  at  least  5000  when  the 

external  resonator  is  aligned  (compared  with  the  spontaneous  emission  output)  and  the 

linewidth  should  narrow  down  to  less  than  0.1  nm  without  any  frequency  selective 

2 

elements  in  the  cavity.  A  threshold  lasing  condition  as  low  as  100  KW/cm  using  a  92 
percent  reflecting  output  mirror  was  expected;  the  threshold  can  be  raised  but  the  output 
power  should  increase  considerably.  Under  normal  pumping  configuration  with  1  watt  of 
CW  pump  power  incident  on  the  crystal,  we  estimate  97  mW  CW  output  at  3  um  to  5 
um  range.  This  10  percent  power  conversion  efficiency  can  be  obtained  down  to  40  mW 
pump  power.  This  estimate  is  based  upon  earlier  work  on  other  II-IV  materials  and  the 
efficiency  assumed  here  is  much  lower  than  the  best  possible  from  this  laser. 
Calculations  show^  that  if  the  reflection  losses  in  the  microscope  objective  were 
reduced  from  its  current  7  percent  per  pass  to  a  degree  that  these  losses  are  eliminated 
and  the  output  coupling  is  improved,  then  the  output  conversion  efficiency  should  be 
increased  to  at  least  27  percent.  An  AR-coated  "best  form"  singlet  lens  was  employed  to 
achieve  lasing.  In  the  past,  this  has  not  been  successfully  achieved  with  a  singlet  lens 
because  of  the  excessive  spherical  aberration.  However,  recent  work  at  TACAN 
Corporation  showed  that  this  chromatic  aberration  can  be  compensated  for  by  using  a 
slightly  different  pump  beam. 
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c. 


Pulsed  Operation  of  the  PbS^  ^Se^- -Using  the  Q-switched  Nd:YAG  laser  at 

l. 064  vm,  KHz  repetition  rate,  usee  optical  pulses,  the  PbSj  laser  characteristics 

were  calculated.  In  the  calculations,  the  approximated  position  of  the  quasi -Fermi  level 

for  holes  during  optical  excitation  of  an  n-type  crystal  was  utilized.  (The  calculations  for 

p-type  samples  would  be  analogous.)^  For  a  100-watt  peak  pulse  of  pump  light  focused 

to  a  5  x  100  vm  line  image  (typical  experimental  values),  the  excitation  level  expressed 

4  2 

as  an  equivalent  current  density  is  ~6  x  10  A/cm  .  To  calculate  the  carrier  density 

T81 

produced  by  the  pump  pulse,  it  is  necessary  to  assume  an  excess  carrier  lifetime1  J  of  2 
ns  and  effective  carrier  confinement  to  a  diffusion  region  of  ~30  um.  (The  excess 
carrier  lifetime  is  determined  to  be  less  than  40  ns  from  measurements  of  the  spontaneous 
luminescence  decay  time.)^  Since  the  excess  carrier  density  6p  =  6n  =  2.5  x  lO^cm  ^ 
far  exceeds  the  effective  mass  density  of  states,  the  relation  may  be  used 

6p  =  NuFl/2(tpp)  (1) 

in  its  degenerate  approximations 

»p  =  2.16  X  IP~%.)2/’  eV  (2) 

(mb/mo) 

to  calculate  how  far  the  hole  quasi -Fermi  level  q>p  moves  into  the  valence  band  during 
the  excitation  pulse.  Mass  anisotropy,  nonparaboiicity,  etc.,  can  be  neglected  as  they  do 
not  significantly  alter  the  conclusions.  For  PbS,  m^  =:  0.1  mp  and  we  calculate  <pp 
=  8.6  meV.  Assuming  only  k -conserving  transitions  occur,  the  bandwidth  will  be  given  by 
twice  the  penetration  of  the  quasi -Fermi  level  or  Ao  ~  17.2  meV  »  140  cm'  .  For  PbSe 

m.  k  0.068  m^’^  and  the  calculated  bandwidth  is  ~  210  cm  These  numbers, 
although  not  expected  to  be  more  than  rough  estimates,  do  agree  with  the  experimentally 
observed  values  of  ~  200  cm  .  We  can  conclude  that  in  these  optically  pumped  samples, 
the  bandwidth  is  probably  controlled  by  the  density  of  excited  excess  carriers  and  the 
extent  to  which  the  minority  carrier  quasi-Fermi  level  moves  into  its  respective  band. 
While  the  contribution  to  the  linewidth  from  indirect  transitions  (i.e.,  non-k-conserving) 
in  heavily  doped  samples  could  be  significant,  it  apparently 


I 
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does  not  dominate  at  the  high  pumping  levels  for  our  experiments.  This  is  a  basic 

difference  between  the  II-VI  from  those  in  III- V  compounds,  where  the  linewidths  are 

controlled  by  the  majority  carrier  density.^  ^ 

We  have  followed  the  work  of  the  late  Dr.  W.  Lo  of  General  Motor  Research 

Laboratories  who,  along  with  his  colleagues  at  G.M.,  pioneered  the  technology  of 

[12] 

PbSj  diode  laser.  In  comparison  with  their  diode  lasers  the  external  cavity 

source  offered  much  higher  output  power.  We  have,  however,  utilized  their  temperature 

stabilized  PbS,  Se  diode  laser  and  injection  locked  it  into  our  external  PbS.  Se  cavity 

to  achieve  transform  limited  optical  pulses  at  the  Nd:YAG  laser  repetition  rate  (KHz). 

2 

The  PbSj  diode  lasers  are  operated  at  much  lower  current  densities,  ~500  A/cm  , 
hence  the  injected  carrier  density  (and  the  resulting  bandwidth)  should  be  much  smaller 
than  for  the  optically  pumped  case.  If  a  sufficiently  high  injection  level  could  be  reached 
in  a  diode,  an  increase  in  bandwidth  should  be  obtained;  conversely,  an  optically  pumped 
sample  with  lower  threshold  should  exhibit  a  smaller  bandwidth.  This  has  been  observed 
in  optically  pumped  samples  of  other  II-VI  compounds  with  thresholds  of  less  than  1  W.  In 
TACAN’s  configuration  the  PbSj  ^Se^  output  excludes  a  few  watts  of  peak  power,  with 
usee  pulses  of  a  few  KHz  repetition  rate. 


d.  Tunable  Mode-Locked  PbS^  ^Se^  Laser  (3-  um  to  5-um  )  Pump  Sources 

(1)  The  Mode-Locked  Nd:YAG  Laser  at  1.064  mm  for  Pumping 
PbSj  xSex--The  Nd:YAG  laser,  at  1.064  um,  operating  continuous  wave  in  the  TEMqo 
mode  at  the  10-20  watt  level  has  been  a  reliable  industrial  tool  for  years.  Modifications 
to  this  basic  system  are,  of  course,  required  to  produce  short,  stable  mode -locked  pulses. 
The  convenient  100-MHz  pulse  repetition  rate  necessitates  the  design  of  an  approximately 
1.5-meter  optical  resonator.  Elimination  of  etalon  effects  requires  that  all  optical 
surfaces,  both  intra-  and  inter -cavity  must  be  wedged  with  respect  to  each  other.  Even 
with  these  changes  the  insertion  of  an  acousto -optic,  standing-wave  mode-locker  into  the 
cavity,  it  is  possible  to  achieve  average  mode-locked  powers  of  10  watts  from  our  Nd:YAG 
systems.  The  output  of  the  laser  pulses  has  been  measured  and  using  the  5HG 
autocorrelation  traces  of  ~80  psec  has  been  found  to  be  consistent  with  the  photodiode 
and  sampling  head  measurements. 

Achievement  of  such  performance  from  a  YAG  system  can  no  longer  be 
considered  routine.  Aided  by  water-cooled,  acousto-optic  modulators  with  low  acoustic 
Q,  highly-stable  RF  frequency  sources,  and  invar-stabilized  optical  resonators,  the 
systems  run  unattended  for  hours. 
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The  peak  pulse  power  of  greater  than  one  kilowatt  produced  by  a  NdrYAG 
system  which  is  mode -locked  only,  can  be  significantly  magnified  by  simultaneous 
Q-Switching.  The  additional  acousto-optic  element,  now  a  traveling  acoustic  wave 
Q -switch,  can  be  added  intracavity  with  little,  if  any,  reduction  in  average  power 
performance.  By  fine  adjusting  the  active  loss  per  pass  generated  by  the  Q-switch  pulses 
or,  as  is  more  frequently  the  case,  allowed  to  pre-lase  at  a  level  just  above  threshold  prior 
to  Q-switch,  the  laser  can  be  maintained  below  oscillation  at  a  level  just  above  threshold 
prior  to  Q-switched  pulse  emission.  In  this  latter  case,  the  mode-lock  modulator,  which 
runs  continuously,  is  able  to  fully  establish  mode -locked  conditions,  i.e.,  the  mode -locked 
pulse  widths  are  brought  to  their  minimum  value  during  the  time  before  the  growth  of  the 
Q-switched  pulse.  In  this  way,  a  train  of  mode-locked  pulses  is  produced  under  a 
Q-switched  pulse  envelope  with  FWHM  about  30Q  nsec.  Enhancement  ratios  close  to  1000 
have  been  achieved,  meaning  that  peak  pulse  powers  at  the  peak  of  the  Q-switched  pulse 
envelope  are  one  megawatt.  Repetition  rates  for  this  minimum  pulse  width,  high  peak 
power  operation  can  range  from  0  to  800  Hz.  If  trains  of  subnanosecond,  lower  peak 
power,  mode- locked  pulses  will  suffice,  then  the  laser  can  be  brought  below  threshold 
between  Q-switched  pulses  and  operated  to  frequencies  beyond  10  kHz. 


e.  Synchronous  Pumping  of  the  PbSj  ^Se^  Laser  with  3-um.to  5-um  Wavelength 
Span --The  application  of  synchronous  pumping  by  the  mode-locked  Nd:YAG  laser  to 
PbSj_xSex  should  result  in  the  generation  of  tunable  picosecond  pulses  with  several  watts 
of  average  mode-locked  power  at  100  MHz  repetition  rate.  If  desired,  the  resultant  pulses 


can  be  cavity  dumped  at  a  few  KHz  repetition  rate. 

The  cavity  configuration  used  for  mode-locked  operation  of  the  semiconductor 
laser  is  very  similar  to  the  CW  configuration,  except  the  Nd:YAG  laser  pump  is 
mode-locked  to  produce  a  train  of  80  ps  long  pulses  at  a  100  MHz  repetition  rate.  The 
semiconductor  laser  cavity  length  is  set  so  that  the  round  trip  travel  time  of  photons 
inside  the  cavity  is  10  ns.  This  equals  the  time  between  the  incoming  Nd:YAG  pump  laser 
pulses. 

This  method  of  mode-locking  is  known  as  synchronous  pumping,  and  it  has  been 


used  to  generate  highly  repetitive  picosecond  pulses  from  semiconductor  lasers  in  the 


0.35-um  to  1.7-um  range. 


Commercially  available  sync -pump  dye  laser  systems  can 


b 
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produce  pulses  less  than  1  ps  long.  The  pump  pulses  provide  a  "window"  of  high  gain  for 
the  semiconductor  laser  pulses.  If  the  cavity  length  is  properly  matched,  a  short  pulse 
inside  the  cavity  will  experience  gain  on  every  round  trip. 

If  the  semiconductor  laser  pulse  has  sufficient  power,  it  will  deplete  the  gain 
and  provide  an  additional  pulse -shortening  mechanism.  This  gain  depletion  is  the  reason 
why  pulses  much  shorter  than  the  pump  pulse  can  be  obtained.  The  theory  of 
synchronously  pumped  mode-locking  is  fairly  well  understood  for  dye  lasers;  and  the 
theory  has  been  extended  to  optically  pumped  semiconductor  lasers  in  external 
cavities.^  ^ 

In  previous  experiments,  pulses  as  short  as  3  ps  have  been  observed  using 
other  II-VI  and  III- V  platelets.  Output  powers  higher  than  50  mW  have  been  obtained. 
These  techniques  can  also  be  extended  to  PbSj  ^Se^  crystal  platelets.  Birefringent  filters 
and  etalons  can  be  inserted  into  the  cavity  for  tuning. 

The  process  of  mode-locking  changes  the  output  power  in  a  way  which  might 
not  necessarily  be  linear.  As  the  input  power  is  varied,  the  timing  advance  given  to  the 
semiconductor  laser  pulse  should  change.  This  is  compounded  by  the  fact  that  the  gain 
does  not  vary  linearly  with  the  excited  state  density  in  a  semiconductor.  Also,  the 
amount  of  gain  depletion  should  change;  this  can  also  change  the  conversion  efficiency. 

f.  Effect  of  Dispersion --One  substantial  difference  between  semiconductors  and 
dyes  is  the  strong  dispersion  present  in  the  semiconductor  crystal.  Dispersion  has  been 
observed  to  cause  pulse  spreading  in  mode-locked  dye  Iaser^1^  and  solid-state  lasers 
previously,  and  is  the  cause  of  the  excess  bandwidth  observed  in  the  current  system. 

The  pulse  chirping  in  PbSj  xSex  laser  is  examined,  using  an  experimental  set 
up  shown  in  Figure  9.  The  output  from  the  PbSj  ^Se^  laser  is  sent  into  the  autocorrelator 
and  through  a  5HG  crystal  to  generate  the  second  harmonic.  The  second  harmonic  beam, 
however,  is  routed  through  a  0.5m  monochromator  rather  than  directly  into  a  Ge:Cu  photo 
detector.  This  allows  discrimination  between  the  different  wavelength  components  of  the 
pulse. 

A  chirped  pulse^*^  shown  schematically  in  the  inset  of  Figure  9.  The 
wavelength  of  the  pulse  is  longer  at  the  front  end  than  at  the  back.  This  red-to-blue 
chirp  would  be  expected  from  a  normally  dispersive  element.  The  monochromator  can  be 
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used  to  determine  if  the  pulse  is  chirped  by  selecting  a  portion  of  the  pulse  bandwidth. 
For  a  chirped  pulse,  that  portion  will  have  a  narrower  autocorrelation  trace.  If  the 
monochromator  is  tuned  to  the  center  of  the  second  harmonic  line,  the  entire  pulsewidth 
is  observed  because  the  red  portion  of  the  pulse  can  interact  with  the  blue  portion  to 
create  second  harmonic  at  this  wavelength. 


g.  The  Effects  of  Anti-Reflection  Coating --The  PbSj  _xSex  crystals  can  be 
coated  with  an  anti -reflection  (AR)  coating  to  reduce  the  effect  of  the  crystal 
Fabry-Perot  and  thereby  increase  the  cavity  bandwidth.  The  coating  should  also  improve 
the  performance  of  the  thicker  crystal.  To  produce  more  Fourier  limited  pulses, 
bandwidth  limiting  elements  can  be  inserted  into  the  cavity.  Both  a  birefringent  filter 
and  a  Fabry-Perot  etalon  can  be  used  in  our  present  PbSj  xSex  laser. 
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Figure  9.  Experimental  Setup  of  Pulse  Chiroinc 
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3.  EXPERIMENTAL  SETUP 

The  optical  configuration  used  in  our  experiment  is  shown  in  Figure  10.  The  lead  salt 
materials,  of  3  to  4  um  thickness,  were  grown  of  BaF£  substrates.  The  growth  method 

[22] 

and  film  characteristics  are  similar  to  those  reported  previously.  The  high-reflective 
mirror  of  the  cavity  was  coated  directly  on  the  lead  salt  materials,  and  these  substrates 
were  finally  adhesively  bonded  to  the  copper  cold  finger  of  a  cryogenic  vacuum  dewar. 
The  temperature  of  the  cold  finger  was  measured  by  means  of  a  silicon  diode  (Lake  Shore 
Cryotronics,  Inc.)  which  was  mounted  in  a  hole  drilled  behind  the  sample. 

The  pump  source  was  a  mode-locked  Nd:YAG  laser  (Quantronix  416)  at  a  wavelength 
of  1.06  um,  100  MHz  pulse  repetition  rate  and  a  pulse  width  of  100  ps  FWHM.  In  order 
to  optically  isolate  the  pump  laser  from  the  lead  salt  laser  resonator,  we  used  an 
acousto-optic  modulator  (AOM),  which  at  the  same  time  served  as  a  continuously  variable 
attenuator.  The  pump  power  was  monitored  with  a  fast  photodiode  and  a  sampling 
oscilloscope  while  the  generated  laser  radiation  was  measured  with  an  InSb 
photodetector. 

The  pump  beam  was  focused  on  the  sample  with  a  well  corrected  zinc  selenide 

doublet.  The  focal  lengths  at  1.06  um  and  4.1  um  were  29  mm  and  30  mm, 

respectively.  The  difference  in  focal  lengths  between  4.1  um  and  4.8  um  was 

approximately  0.05  mm.  To  compensate  for  the  large  chromatic  aberration  between  the 

pump  wavelength  and  the  generated  wavelengths,  it  was  necessary  to  use  a  telescope 

assembly  which  caused  the  pump  beam  to  be  diverging  as  it  entered  the  objective.  The 

telescope  was  designed  to  create  a  0.7 -mm  beam  waist  at  a  distance  of  approximately  0.7 

m  before  the  objective.  Assuming  a  Gaussian  pump  beam  cross  section,  the  calculated 
2 

1/e  spot  size  on  the  sample  was  about  14  um. 


Pump 

Power 

Monitor 


Nd-VflG 

L_ 

Laser 

mm 

^Gold  Mirror 
—  PbS,_HSeH  Material 
CHj  jjr—  BaF2  Substrate  0utput 
- r£~ZnSe  Window  Coupler 


-Telescope 

o. - 

'  Output 
B  e  a  m  * 


Uucuum 

Chamber 


Pump 

Beam 


Dlchroic 

Beamsplitter 


Figure  10.  Experimental  Configuration 
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4.  EXPERIMENTAL  RESULTS 


The  sample  was  cooled  by  use  of  liquid  helium,  which  kept  the  temperature  of  the 
cold  finger  at  approximately  8k.  At  this  temperature  we  achieved  cw  mode-locked  lasing 
above  a  threshold  average  power  of  25  to  35  mW.  Figure  1 1  shows  the  input  versus  output 
power  characteristics.  The  average  output  power  was  estimated  from  the  known 
responsivity  (2A/W)  of  the  InSb  detector.  Using  this  value  we  achieved  a  maximum 
average  power  of  1  mW  at  the  wavelength  of  4.1  um  and  0.6  mW  at  4.8  um.  By 
increasing  the  input  power  we  found  that  the  corresponding  output  power  reached  a 
saturation  point  and  then  started  to  decrease.  This  is  most  likely  due  to  local  heating  of 
the  sample.  The  possibility  of  permanent  damage  as  a  cause  for  this  saturation  can  be 
ruled  out  since  it  was  possible  to  repeat  the  readings  in  Figure  1 1. 

We  also  operated  the  lead  salt  laser  at  elevated  cold  finger  temperatures  up  to  150K. 
However,  it  was  not  possible  to  run  the  laser  cw  mode -locked  at  temperatures  above 
about  50k.  At  such  temperatures,  it  was  always  necessary  to  use  a  beam  chopper  to 
decrease  the  average  pump  power  so  as  to  maintain  lasing  action.  At  T=78k  the  lasing 
ceased  when  the  chopper  gate  time  was  longer  than  a  few  us  (see  insert  in  Figure  1 1). 


Figure  11.  Input-Output  Power  Characteristics  at  a  Cold  Finger  Temperature  of  8k 

-  a.  and  b.  correspond  to  the  materials  x=0  and  x=0.3 

-  The  insert  shows  the  pump  power  and  the  PbSj  ^Se^  laser  power 
versus  time  at  a  temperature  of  78  k. 


The  spectrum  of  the  output  beam  was  measured  with  a  grating  blazed  at  4.0  ym. 
Figure  12  shows  the  spectra  of  the  two  samples  recorded  at  an  input  power  of  2CHD  mW 
and  a  temperature  of  8k.  The  resolution  of  the  monochromator  was  3  nm  in  our 
experiment.  The  sample  x=0  exhibited  multiple  peaks  as  opposed  to  the  sample  x=0.3, 
which  showed  one  single  peak  in  its  spectrum.  This  discrepancy  is  attributed  to  the 
difference  in  free  spectral  range  of  the  substrates.  Sample  x=0  had  a  BaF^  substrate  of 
thickness  0.45  mm  while  the  x=0.3  material  had  a  BaF^  substrate  of  thickness  three  times 
larger.  With  the  resolution  of  our  monochromator,  it  was  only  possible  to  resolve  the 
substrate  Fabry-Perot  modes  of  sample  x=Q.  Anti -reflection  coating  of  the  substrate 
would  eliminate  the  Fabry-Perot  modes  displayed  in  Figure  12. 

We  also  operated  the  laser  with  a  single -element,  best  shape,  intracavity  lens.  Even 
though  it  was  possible  to  reach  the  threshold  for  oscillation,  the  aberrations  introduced  by 
the  single  lens  gave  rise  to  very  large  round  trip  losses,  resulting  in  a  resonator  with  low 
Q- value  and  low  output  power.  The  low  Q- value  was  also  displayed  by  the  fact  that  the 
laser  output  power  was  very  insensitive  to  misalignment  of  the  output  coupler.  This  can 
be  expected  in  a  resonator  where  the  photons,  on  an  average,  make  few  round  trips.  With 
the  diffraction  limited  doublet,  the  output  power  was  more  sensitive  to  axial 
misalignment  of  the  output  coupler.  We  found  that  the  generated  power  decreased  to 
half  its  maximum  value  when  the  resonator  length  was  changed  by  ±  0.7  mm  about  its 
optimum  length.  Diffraction -limited  optics  are  therefore  crucial  for  the  resonator 
configuration  used.^  ^ 

We  did  not  measure  the  width  of  the  generated  laser  pulses  due  to  the  lack  of 
appropriate  equipment.  However,  from  other  experiments  on  optically  pumped 
semiconductor  lasers  we  would  expect  the  PbSj  ^Se^  laser  pulses  to  have  durations  on  the 
order  of  10  ps. 


UJauelength  (mhi) 


FIGURE  12.  Spectral  Characteristics  at  200  mW  Input  Average  Power. 

a.  and  b.  show  the  spectrum  for  x=0  and  x=0.3,  respectively 


a.  Exploration  of  Room  Temperature  Operation  Utilizing  Superlattice 
Structure- -We  were  interested  in  extending  the  operation  of  the  present  PbSj  xSex  laser 
to  room  temperature.  However,  success  was  made  only  up  to  an  elevated  temperature  of 
150K.  In  such  a  situation  involving  50K  it  was  necessary  to  chop  the  pump  beam  in  order 
to  maintain  lasing.  There  are  many  problems  inherent  in  the  design  of  the  optically 
pumped  semiconductor  laser  and  these  problems  are  somewhat  distinct  from  those  of 
other  lasers.  At  low  temperatures,  electrons  and  holes  created  in  direct  bandgap 
semiconductors  can  recombine  to  form  excitons  which  are  no  longer  bound  to  neutral 
impurities.  Thus,  the  luminescence  becomes  much  stronger  (only  at  low  temperature 
above  50K)  in  the  emission  spectrum.  In  GaAs,  for  instance,  the  exciton-phonon  coupling 
and  thus  the  relative  strength  of  the  luminescent  lines  change  with  temperature  as  well. 
The  bandgap  shifts  toward  the  red  as  the  temperature  is  increased  and  the  linewidth  of 
the  emission  broadens.  This  variation  of  the  emission  wavelength  with  temperature  is 
useful  for  the  tuning  of  semiconductor  lasers.  Unfortunately,  the  radiative  efficiency 
decreases  as  temperature  increases,  and  most  semiconductor  lasers  operate  only  at 
temperatures  around  100K  or  below.  The  low  temperature  operation  and  the  very  tight 
focus  requires  that  the  focusing  optics  be  placed  inside  the  cooling  chamber  close  to  the 
sample.  The  sample  must  be  held  very  rigidly  inside  the  chamber  while  it  is  also  mobile  to 
allow  cavity  alignment  and  movement  from  sample  to  sample. 
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(1)  Room  Temperature  PbS^  ^Se^  Laser- -A  solution  to  the  problem  of  tight 
focusing  optics  and  sample  movement  aFdemonstrated  in  the  ring  cavity  semiconductor 
laser  design  has  been  found.  With  new  development  in  the  growth  of  PbSj  ^Se^ 
superlattice  structures,  linear  absorption  measurements  have  demonstrated  distinct 
excitonic  peaks  at  room  temperature- -this  is  because  the  confinement  increases  exciton 
binding  energy  without  increasing  LO  phonon  coupling.  The  strong  and  readily  saturable 
superlattice  excitonic  absorption  at  room  temperature  should  have  a  major  impact  in 
room  temperature  operation  of  these  lasers,  thus  allowing  room  temperature  devices  to  be 
fabricated  with  materials  and  switching  intensities  compatible  with  laser  diode  sources. 
Because  superlattice  material  is  compatible  with  diode  lasers,  not  only  in  terms  of  growth 
technology,  but  also  in  terms  of  light  wavelength  and  power  levels,  the  possibility  of  using 
such  quantum  well  material  at  room  temperature  in  an  external  ring  cavity  pumped  by  a 
commercially  available  diode  laser  as  the  sole  light  source  has  been  explored.  Because  of 
the  exceptionally  strong  absorption  resonances  near  the  bandgap  energy  due  to  excitons 
such  PbSj  xSex  quantum  well  materials  were  an  excellent  choice  for  the  scheme. 

(2)  Lead -Salt  Quantum  Well  Structures --Recent  advances  in  lead  salt 
quantum  well  diode  lasers  has  lead  to  the  construction  of  devices  in  the  2.5-um  to  30-um 
wavelength  range.  These  devices  have  previously  required  cryogenic  cooling  (100K)  for 
CW  operation.  The  use  of  quantum  well,  large  optical  cavity  structures  has  substantially 
improved  the  operating  temperatures  to  174K  CW  (at  4.41  um)  and  to  260  K  pulsed  (at 
3.91  um).  These  structures  have  a  single  PbTe  quantum  well  with  lattice -matched 
Pbj_xEu  Se  Te  ^  ^confinement  layers  grown  by  molecular  beam  epitaxy.  The  emission 
energy  shifts  have  been  calculated  using  a  finite  square  well  with  nonparabolicity  effects 
included.  Initial  work  has  also  been  done  on  multiple  quantum  well  lasers.  The  maximum 
operating  temperatures  are  comparable  to  those  of  single  quantum  well  laser,  with  carrier 
leakage  out  of  the  quantum  wells  a  significant  limitation. 
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m.  CONCLUSIONS 


In  this  program,  we  have  successfully  demonstrated  the  first  optically  pumped 
tunable  semiconductor  laser  with  external  cavity  in  the  3  um  -  5  um  region  of  the 
electromagnetic  spectra.  We  have  also  successfully  demonstrated  the  cw  mode- locked 
operations  of  the  cavity  under  a  synchronously  pumped  configuration  generating 
picosecond  optical  pulses  in  the  3  um  -  5  um  range  at  a  100  MHz  repetition  rate. 

This  3  um  -  5  um  is  a  range  which  is  not  entirely  available  from  dye  lasers. 
Because  of  the  lack  of  dye  jet  fluctuations,  these  platelet  semiconductor  lasers  provide 
narrower  linewidths  than  dye  lasers,  and  samples  mounted  adjacent  to  each  other  can  be 
changed  easily  and  quickly  to  provide  tunability  over  a  broad  range.  Furthermore,  a  very 
long  shelf -life  and  the  lack  of  orientation  and  bleaching  makes  these  lasers  more 
practical  than  F-center  lasers  for  many  applications.  The  extension  of  this  laser  for 
higher  power  operation  will  utilize  this  tunable  semiconductor  oscillator  as  a  master 
oscillator.  Higher  power  output  can  be  achieved  in  a  chain  of  synchronized  amplifiers 
pumped  by  the  same  Nd:YAG  laser  in  a  PbS^Se^  x  crystals  as  chains  of  optical  amplifiers 
involving  long  pulses,  large  aperture  and  high  beam  quality. 

The  successful  demonstration  of  this  laser  should  have  immediate  applications 
involving  infrared  communications,  spectroscopy,  flame  diagnostics  and  testing  of 
infrared  optical  fibers. 
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